Molecular dynamics simulations revealed that back-and-forth motion of DNA strands through a 1 nm diameter pore exhibits sequence-specific hysteresis that arises from the reorientation of the DNA bases in the nanopore constriction. Such hysteresis of the DNA motion results in detectable changes of the electrostatic potential at the electrodes of the nanopore capacitor and in a sequence-specific drift of the DNA strand under an oscillating transmembrane bias. A strategy is suggested for sequencing DNA in a nanopore using the electric field that alternates periodically in time.
High-throughput technology for sequencing DNA has already provided invaluable information about the organization of the human genome 1 and the common variations of the genome sequence among groups of individuals. 2 To date, however, the high cost of whole genome-sequencing limits widespread use of this method in basic research and personal medicine. Among the plethora of sequencing methods under development 3, 4 that promise dramatic reduction of genomesequencing costs, the so-called nanopore methods 5, 6 are among the most revolutionary. The main advantage of the nanopore method is that the sequence of nucleotides can be detected, in principle, directly from the DNA strand via electric recording, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] requiring minimal reagents and having no limits on the length of the DNA fragment that can be read in one measurement.
In this study, we investigate the feasibility of sequencing DNA using an electric field in a nanopore that alternates periodically in time. Through molecular dynamics (MD) simulations, we demonstrate that back-and-forth motion of DNA in a 1 nm diameter pore has a sequence-specific hysteresis that results in a detectable change of the electrostatic potential at the electrodes of the nanopore capacitor and in a sequence-specific drift of the DNA strand through the pore under an oscillating bias. On the basis of these observations, we propose a method for detecting DNA sequences by modulating the duty cycle of the periodic alternating potential.
We consider a single nanopore in a multilayered silicon membrane submerged in an electrolyte solution ( Figure 1 ). The capacitor membrane consists of two conducting layers (doped silicon) separated by a layer of insulator (silicon dioxide). An external electric bias V ex is applied across the membrane to drive a single DNA strand back and forth through the pore, while the electric potentials induced by the DNA motion are independently recorded at the top and bottom layers (electrodes) of the capacitor membrane, V top and V bot , respectively. Nanometer diameter pores in such membranes have already been manufactured, [19] [20] [21] and the voltage signals resulting from the translocation of DNA strands through such pores have been recorded. 22, 23 In particular, measurements have recently been reported using a single DNA molecule trapped in a nanopore of a 3.4 nm × 4.2 nm cross section in a metal-oxide-semiconductor (MOS) capacitor with an area of 10 µm × 10 µm and a gate dielectric nominally 2 nm thick. 23 The measured frequency response of this device extends beyond 2 MHz (to an upper corner frequency 3.6 MHz according to a lumped element model) and is determined predominately by the membrane capacitance (∼1 pF) and a combination of resistances that includes the electrolytic resistance, which is ∼10 kΩ for KCl concentrations in the 100 mM to 1 M range. The improvement in the bandwidth over patch clamping and prior measurements on hemolysin [7] [8] [9] [10] and synthetic pores [11] [12] [13] [14] [15] [16] can be attributed to miniaturization and the concomitant reduction of parasitics. On the basis of measurements like these, a two-dimensional scaling rule and the corresponding equivalent circuit, one can expect to recover an improvement in the upper corner frequency from 3.6 to 47 MHz using a 2 µm × 2 µm MOS capacitor and to 2.8 GHz for an area of 0.2 µm × 0.2 µm. All of these specifications are within the grasp of current technology.
An all-atom model of a nanopore, DNA, and electrolyte was constructed using protocols described previously. 24 A 10.3 nm thick Si 3 N 4 membrane was build by replicating a unit cell of a -Si 3 N 4 crystal. Removing atoms from the membrane produced an hourglass-shaped pore that closely resembles pores sputtered by a tightly focused electron beam. 25, 26 In the middle of the membrane, the pore's shape is a cylinder of a 1 nm diameter and a 1 nm height. The pore gradually opens to both sides of the membrane at a 30°angle. The pore is symmetric relative to the vertical axis (x ) y ) 0) and the membrane's midplane (z ) 0). Note that we use the same materials (Si 3 N 4 ) to model both the conducting and insulating layers, as in this study we do not explicitly consider the electronic degrees of freedom of the conductor and use an approximate method to compute the electrostatic potentials induced by DNA.
Four systems were produced by merging the nanopore with four DNA strands each made entirely from 25 adenine, cytosine, guanine, or thymine DNA nucleotides. The DNA strands were oriented along the pore axis and threaded halfway through the pore; some DNA bases had to be tilted to fit the constriction (see Figure 1) . Each system was then solvated in a pre-equilibrated volume of TIP3P water. K + and Cl -ions were added to obtain a 1 M KCl concentration and render the overall system neutral. The total number of atoms in each system was ∼53,500. Following the assembly, each system underwent 1000 steps of minimization using a conjugate gradient method. The temperature of each system was increased from 0 to 295 K in 5 ps, followed by a 2 ns equilibration in the NpT ensemble (constant number of particles, pressure and temperature) at 1 bar. The production runs were carried out in the NVT ensemble (constant number of atoms, volume and temperature) at 295 K maintained using a Langevin thermostat 27 with a damping constant of 10 ps -1 applied to all heavy atoms. The atoms of the Si 3 N 4 membrane were restrained to their initial positions in the crystal lattice by harmonic forces using spring constants of 10 kcal/mol Å 2 for surface atoms and 1 kcal/mol Å 2 for bulk atoms. All MD simulation were carried out using the program NAMD, 28 1 fs time step, AMBER 29 force field describing DNA and electrolyte, and a custom force field describing Si 3 N 4 .
30 Other simulation protocols are described elsewhere. 24 A test simulation carried out by applying a sine-wave external bias revealed a strong dependence of the DNA velocity of the translocation direction: 31, 32 the DNA escaped from the pore after just two oscillations of the external bias. To enable observation of multiple translocation cycles in one simulation and simplify analysis of the MD trajectories, an aperiodic square-wave external potential was applied in all subsequent simulations (see Figure 2h ). The duration of the constant-bias fragments of the square-wave potential was adjusted to produce displacement of DNA with the amplitude of 25 Å (a smaller amplitude was allowed in the first two cycles). Because the displacement amplitude was nearly constant while the DNA's mobility fluctuated, the duration of the individual constant-bias fragments fluctuated respectively. Such adjustment of the applied bias is not required for the sequencing method that is proposed below. A relatively large amplitude of the applied bias, 20 V, was chosen to ensure that 15-20 cycles of DNA oscillation are observed within ∼50 ns. Figure 2a -g illustrates the changes in the DNA conformation accompanying DNA's back-and-forth motion during one translocation cycle. Note that in the pore constriction, the DNA bases always tilt in the direction opposite to the direction of DNA motion. Figure 2h illustrates the applied transmembrane potential, whereas Figure 2i plots the zcoordinate of a DNA nucleotide passing through the pore constriction. Each time a nucleotide re-enters the nanopore constriction, its base slants back (cf. Figure 2b ,e). Such reorientation of the base leads to a change of the vertical component (projected on the pore axis) of the nucleotide's dipole moment, as shown in Figure 2j . The dipole moment of the backbone changes according to the translocation direction as well, although it accounts for only a minor part of the total dipole moment variation. An animation illustrating the back-and-forth motion of a DNA strand through this nanopore is available in the Supporting Information.
Although each DNA nucleotide carries the same overall charge (-e), in principle one can distinguish the type of a DNA nucleotide by measuring its dipole moment. Our simulations have demonstrated that the projection of a nucleotide's dipole moment on the pore axis, D z , periodically An alternating external bias V ex drives a single DNA strand back and forth through a nanometer diameter pore in a synthetic membrane submerged in electrolyte solution. Shown in gray is insulating SiO 2 , which separates two conducting plates made of highly doped silicon (shown in yellow). SiO 2 is also present at the pore's surface. The silicon layers are used as electrodes to measure the electrostatic potentials induced by DNA motion in the pore.
changes during the DNA oscillation in a nanopore. Such repetitive variations of the dipole moment may, conceivably, alter the nanopore capacitance, and hence be detectable. In Figure 3 , we characterize the change of the dipole moment projection for each type of DNA homopolymer oscillating in the nanopore. For each system, we compute D z of each nucleotide from the 54 ns MD trajectory sampled every picosecond. Next, we select fragments from the trajectories of individual nucleotides conforming to the following criteria: at the beginning of the fragment the nucleotide is located at the center of the membrane (z ≈ 0); within one turnover of the driving potential that nucleotide leaves the pore's constriction (z ) (5Å), re-enters the pore, and returns to the membrane's center. We call such a trajectory fragment a partial cycle. Partial cycles obtained by this method are grouped together using as a parameter the maximum displacement of the nucleotide from the center of the membrane z*. Such a procedure allows for modeling oscillations of the nucleotides at any amplitude smaller than that actually observed in the MD trajectories. Thus, for a given turning point z*, the average D z (z) computed for each translocation direction describes the variation of the nucleotide's D z during an oscillatory motion with the amplitude of |z*|. Figure 3 shows such statistical dependences obtained for the DNA oscillation with the amplitudes of 15 ( 5, 25 ( 5, and 35 ( 5 Å. The dipole moment exhibits a hysteresis for every sequence considered. Within the pore's constriction, the amplitude of the hysteresis does not depend on the amplitude of the DNA oscillation but depends on the DNA sequence. The hysteresis of the cytosine homopolymer differs the most from the other homopolymers considered. At amplitudes z* < 10 Å, the rotation of bases becomes sterically suppressed, and the hysteresis considerably decreases (data not shown). Therefore, to observe the hysteresis of the dipole moment the DNA must oscillate with a minimum amplitude of ∼10 Å (i.e., from -10 to +10 Å), which is approximately equal to the span of the three nucleotides stretched through the constriction of the pore.
The transformation of the DNA conformation observed during the DNA motion produces time-dependent changes of the electrostatic potential at the electrodes of the capacitor. For simplicity, we compute in this study the induced potential by approximating each electrode by twelve point "probes" uniformly distributed around the pore's axis at the electrode's level z elec , each probe being buried inside the membrane 5 Å away from the nanopore's surface. The potential at each electrode is calculated as φ(
] is the inverse of the Debye screening length at the salt concentration C [mol L -1 ], ) 80 is the dielectric constant of the solvent, R i ) (x i , y i , z i ) is the location of the point probe, r j and q j are the position and the charge of an atom, and the sums run over all point probes and all DNA atoms.
The time dependence of the potentials induced at the two electrodes located at the edge of the nanopore constriction (z elec ) (5 Å) are shown in Figure 4a . The potentials are observed to change within the range of several millivolts, but this is likely to be an overestimate of the measured signal because it does not account for parasitic elements in the detection circuit. 23, 34 A strong dependence of the induced potential on the translocation direction is observed at the top electrode, but little or no dependence is observed at the bottom electrode. Note that while the nanopore membrane is symmetric relative to the z ) 0 midplane, the DNA is not as it is oriented with its 3′ end up in all our systems. Thus, the top electrode is facing the DNA's 3′ end, whereas the bottom electrode is facing the DNA's 5′ end. To characterize the induced potentials in statistical terms, the probability histograms were computed separately for the top, Figure 4b , and bottom, Figure 4c , electrodes and for the 5′ and 3′ translocation directions with the latter being controlled by the polarity of the applied bias. The data for all types of the DNA homopolymer are presented in Figure S1 in the Supporting Information. The four average values (also most probable within the sampling accuracy) of the induced potentials uniquely characterize the type of the homopolymer confined in a nanopore. To demonstrate that, in Figure 4d we plot the difference of the induced potential at the top and bottom electrodes upon switching the polarity of the driving bias. To verify these results, we performed the same analysis on MD trajectories obtained by driving (dG) 70 and (dT) 70 strands through the same nanopore at a constant bias of +20 or -20 V. In the constant bias simulations, the induced potentials were observed to have similar distributions to those obtained under the alternating field conditions ( Figure S2 ). Analogous simulations using a DNA block copolymer suggest a possibility of resolving blocks of four identical nucleotides ( Figure S3) .
As shown by direct calculation (Figure S4 ), the major contribution to the induced potential originates from the DNA backbone atoms. Among those, the highly charged phosphate group (PO 4 ) accounts for the most of the total potential, in agreement with previous calculations. 33 During the translocation toward the 5′ end of the strand, the phosphate group of a nucleotide is pushed against the pore wall by the base of the preceding nucleotide. In the case of the 3′ end-bound translocation, the nucleotide's base is tilted toward the nucleotide's phosphate. Such a conformation makes the nucleotide's cross section in the xy plane slightly smaller when compared to that typically observed in the 5′ end-bound translocation. Hence, for the 3′ end-bound translocation, the phosphate group is found, on the average, ∼1 Å farther from the pore's wall (and the electrodes) than in the case of the 5′ end-bound translocation. Consequently, the absolute values of the induced potentials are systematically smaller for the 3′ end-bound translocations.
Although most of the induced potential arises from the charge of the DNA backbone, the chemical identity of the bases affects the induced potential in the following two ways. First, the dipole moment of the base directly contributes to the total potential. Second, through steric hindrances the base modulates the potential induced by the backbone, as the backbone's position relative to the electrodes depends on the size of the base and the base's ability to tilt in the nanopore's constriction. Hence, the ensuing differences in the potential are base type-specific and can be employed for DNA sequencing upon careful design and calibration of the device.
Our MD simulations suggest that to discriminate the sequence of DNA by measuring the electrostatic potential in a nanopore capacitor, the experimental device should be capable of distinguishing a submicrovolt difference in the potential within the time interval dictated by the rate of DNA transport between the plates of the capacitor. In our simulations, we employed a high-frequency bias to produce statistically significant number of DNA nucleotide permeation events and thereby average the induced potentials over many DNA conformations. We found that in a 1 nm diameter pore, DNA conformational disorder is greatly suppressed, because the DNA strand is guaranteed to have a single-file conformation. Hence, the conformational disorder is limited to the rotation of the bases within the plane of the membrane, which is averaged out in the measurement of the induced potential because of the cylindrical symmetry of the electrodes. We anticipate that the experimental measurements will be conducted at a much lower frequency and amplitude of the alternating bias, which would enable averaging over the conformational disorder within one permeation event.
It is important to stress that our calculations do not account for parasitic elements in the detection circuit or noise sources 25 , (dG) 25 , and (dT) 25 are presented in Figure S1 in the Supporting Information. (d) Change of the electrostatic potential at the top and bottom electrodes of the nanopore capacitor upon switching the polarity of the driving bias. From this plot, homopolymers of A, C, G, and T nucleotides can be uniquely identified. In our systems, the -20 V bias drives the DNA strand toward its 3′ end.
that could arise from the semiconductor detection circuitry or parasitic electrolytic resistances, etc. For example, taking into account parasitics, the signal from a 1 nm nanopore associated with the charge of a single phosphate is predicted to be <50 µV and that from a DNA base <10 µV. 34 Voltage signals smaller than this (<100 nV) can still be discriminated from incoherent noise by using phase-sensitive lock-in detection techniques. 23 The essential idea, first articulated by Dicke, 35,36 uses a phase-sensitive detector to produce an output proportional to the desired signal that is in-phase with a reference operating at a particular frequency. The output from the phase-sensitive detector is time-averaged or integrated over some time interval using a low-phase filter on the output so that contribution from noise at any other frequency is minimized. The constant phase relationship between the reference and the signal makes this strategy superior to just narrow-band filtering of the signal. To see how this works, suppose that we trap a DNA molecule in a nanopore and use a time-periodic, alternating electric field at a frequency of 1 MHz to drive the molecule back-andforth between the electrodes, generating a 1 µV signal. A differential amplifier on the front end of the lock-in with an input noise of 4 nVHz -1/2 will only contribute about 63 nVrms () 4/(4‚10 ) noise after a low-pass output filter with RC ) 1 msec, since the equivalent noise bandwidth of a single pole filter is 1/4‚RC. Yet, the output signal in-phase with the reference frequency will converge exponentially to the final value (1 µV); the output will be within 1% of the final value in about 5 msec.
Before discussing the possibility of distinguishing individual nucleotides, we examine the character of DNA motion in the pore. As shown in Figure 2i , the motion of DNA nucleotides is not uniform, even under a constant bias.
Although the 20 V bias used in our simulations is strong enough to force DNA through the pore at a high rate (up to 10 nucleotides per ns), a moderate reduction of the bias, for example to 10 V, leads to a dramatic reduction of the DNA translocation rate (by a factor of 40 for (dA) 25 , Figure S5) . Often, the translocation was observed to stall when a new base tried to enter the pore's constriction ( Figure S6 ). However, due to the high bias used in our simulations, such steplike motion was not always observed. To demonstrate that the translocation velocity of DNA is controlled by the rate at which the nucleotides enter the pore's constriction, the following statistical analysis was carried out. For each system considered, the average densities of the nucleotide's base and phosphate were computed along the pore axis, separately for either translocation direction. First 100 ps fragments of the trajectory immediately following each voltage switch were discarded to eliminate nonstationary periods from the analysis. The linear density of the nucleotides (or of their constituents) obtained thereby characterizes the probability of finding the nucleotides at certain locations in the pore. Figure 5 shows the average density of the adenine nucleotides in the pore. Similar plots were obtained for (dC) 25 , (dG) 25 , and (dT) 25 (data not shown). The plots reveal equidistant peaks that pinpoint the locations where the nucleotides pause or stall. For each translocation direction, one of the peaks (denoted as k) is precisely located at the constriction's entrance, which implies that this peak is due to the nucleotide's pausing before entering the pore. The locations of the other peaks appear to strongly correlate with the location of peak k. Indeed, the average distances between the nth-nearest-neighbor phosphates have standard deviations that vary from 0.5 Å for n ) 1 to 1.5-2.5 Å for n ) 5. For this reason, the peaks of the phosphate's density are nearly equidistant and have similar shapes. It can be expected that at a smaller bias, the nucleotides will wait much longer before entering the pore, and that the translocation will occur in a stepper-motor-like manner where rapid advances of welldefined magnitudes (the nucleotide length, ∼7.5 Å) are interspersed with relatively long, controllable pauses. During the pause, the location of each nucleotide in the pore is predetermined, which should facilitate the detection of the nucleotide's type. The translocation of individual nucleotides can be detected by monitoring the potential at the capacitor's electrodes 33 (Supporting Information, Figure S7 ). Shown in Figure 5c ,d are the average induced potentials from individual nucleotides located at their most probable positions, as specified by the peaks of their linear density, Figure 5a ,b. The potentials are plotted as a function of the electrode location. For the top electrode (z ) 5 Å) in Figure  5c and for the bottom electrode (z ) -5 Å) in Figure 5d , the potential induced by the nucleotide nearest to the electrode contributes about 50-60% of the total potential. The two nearest neighbors of that nucleotide contribute another ∼40% to the total potential, while including the nextnearest neighbors brings the overall contribution close to 100% (see also Supporting Information, Figure S8 ).
As shown in Figure S9 in the Supporting Information, the potentials induced by individual nucleotides of different types are statistically different and could be distinguished in experiment if their individual potentials could be measured. Our calculations, however, suggest that the potential measured by the device will include significant contribution from the neighboring nucleotides, and will require a deconvolution procedure before the sequence of the DNA strand can be determined to single nucleotide resolution. Knowing even a partial sequence of the strand would significantly simplify the deconvolution. Figure 6 compares the translocational dynamics of the four DNA homopolymers under the alternating field conditions. For our analysis, it is convenient to quantitatively characterize DNA transport by computing the cumulative number of nucleotides N passing through the pore constriction or, for definiteness, the plane z ) 0. 
The average of this function and its standard deviation computed over all data points using τ ) 10 ns are plotted in Figure 6b . For the adenine and cytosine homopolymers, we observed faster translocation toward the 3′ end of the strand than toward the 5′ end of the strand, which agrees with simulations and experiments carried out using the R-hemolysin channel.
31 Surprisingly, for the thymine homopolymer we observed nearly equal translocation velocities for both orientations of the DNA strand, while the guanine homopolymer was observed to move faster in the 5′ direction. Similar ratios of the translocation velocities were obtained from the simulations of the (dT) 70 and (dG) 70 strands moving through the same pore at constant biases ( (20 V) . Note that in the case of R-hemolysin, MD simulations predict faster translocation toward the 3′-end of the strand for all types of the DNA homopolymers (unpublished). (f) Motion of DNA homopolymers subject to a periodic, square wave signal with a duty cycle >0.5. The signal produces oscillations of (dC) 25 about its mean position in the nanopore while (dA) 25 and (dG) 25 drift in opposite directions. Note that the amplitude and character of oscillations for (dT) 25 is different than that for (dC) 25 .
The observed differences in the translocation velocities are arguably large enough to be employed to determine the sequence of a DNA strand. It is most straightforward to identify the sequence of nucleotides of the same type: an alternating field that can force DNA to move by exactly n nucleotides back and forth will have different frequencies and profiles for the fragments of C, T, G, and A nucleotides. Reading a random sequence is more cumbersome but may still be possible because the duration of the pause separating the one-nucleotide displacements of the DNA strand depends mainly on the type of the nucleotide that is about to enter the pore.
To demonstrate the feasibility of detecting a single nucleotide substitution using an alternating bias, we simulated two systems, (dC) 25 and d(C 15 AC 9 ), applying a voltage ramp of 16 V/ns. In the second system, the mutated nucleotide was located just above the constriction, Figure 6d ,e. Each system was equilibrated for 6 ns. Five states, separated by about 0.5 ns, were extracted from the last 2.0 ns of each equilibration trajectory to act as initial conditions for the subsequent voltage ramp simulations. Figure 6c juxtaposes the motion of the two molecules under a voltage ramp. To pass through the pore's constriction, the bases of the molecule have to reorient (Figure 2a,b) . We observed that on average the onset of translocation occurred near a bias of 11 V for the cytosine homopolymer while it occurred near 13 V for the DNA strand having a single nucleotide substitution. Furthermore, the standard deviations of the position distributions did not overlap in this bias range, as shown in Figure  6c . Hence, by increasing the bias linearly to the critical value required to pull the cytosine nucleotide into the constriction and then switching it off, we can distinguish the sequences to a reasonable degree of accuracy by determining whether the molecule has advanced by one nucleotide or not. We expect that optimization of parameters such as the geometry of the pore and the rate of change of the bias will allow such sequences to be discriminated to even greater accuracy.
Thus by performing calibration measurements using known DNA sequences, sequence-specific cycles of the driving potential can be designed such that, when applied to a DNA fragment of a matching sequence, produce repetitive motion of that fragment back-and-forth through the pore's constriction. When applied to a random unknown sequence, such a time-periodic, alternating field cycle will cause "resonance", DNA oscillation at the expected amplitude, only when the matching fragment is located in the pore. Applied to a nonmatching sequence, the field will cause DNA translocation by an incorrect number of steps or no translocation at all. A proof-of-principle demonstration of such behavior is shown in Figure 6f . In that respect, the nanopore device operating under a particular sequence-specific voltage pattern may act similarly to a restriction enzyme that slides along DNA until it encounters the matching (cognate) sequence. 37 The difference is that the nanopore can be tuned to be specific to any sequence and thus act as a programmable restriction enzyme without the cleavage functionality. We recognize that some sequence-specific signals may be too similar to each other and therefore cause a false resonance. Note, however, that the velocity of the DNA translocation dramatically depends on the strength of the driving electric field, and therefore the dependence of the translocation velocity on the DNA sequence is expected to become stronger upon decreasing the strength of the driving field.
In summary, we have demonstrated that DNA motion through a 1 nm diameter pore under alternating electric field conditions exhibits hysteresis due to tilting of the DNA bases in the pore constriction. Such hysteresis is sequence-specific and may be used to detect the sequence of DNA nucleotides confined in the pore constriction by measuring the potentials induced at the capacitor's electrodes or the change of the DNA mobility in the nanopore. Other possible sequencing strategies may rely on detecting the sequence-specific hysteresis by the change of the nanopore's capacitance, or by the change of the leakage tunneling current between the capacitor's electrodes. A successful implementation of the nanopore-sequencing device will likely require calibration using DNA homopolymers and repeat copolymers. Further theoretical and computational research is necessary to optimize the pore geometry, to clarify the influence of the nanopore's surface on the translocation dynamics of DNA, and to determine the influence of the explicit ions, water, and mobile charges in the semiconductor domain on the induced potentials.
